Introduction {#s1}
============

The zebrafish has become a popular model animal to examine a variety of biological processes ([@b44]). In particular, the high ability to regenerate a variety of organs has made the zebrafish a suitable animal model for organ regeneration research ([@b9]; [@b62]). Regeneration of the caudal fin after experimental amputation has been appreciated for a long period of time ([@b48]; [@b57]). Other fins, such as pectoral, pelvic, anal, caudal and dorsal fins also regenerate after amputation ([@b28]; [@b49]). In the last decade, the zebrafish has also become a model animal for regeneration of the heart ([@b52]; [@b54]). In addition, this animal provides experimental systems to study regeneration of the liver ([@b56]; [@b26]), mechanosensory organs ([@b13]; [@b47]; [@b41]), retina ([@b21]), axons in the central nervous system ([@b8]) and cerebellum ([@b45]).

The caudal fin is a particularly efficient model system for regeneration. Upon amputation, epidermal cells migrate and cover the wound site, and form a specialized tissue, the apical epithelial cap. Underlying mesenchymal cells communicate with the apical epithelial cap, and form the blastema, which is considered as a mass of de-differentiated cells ([@b2]; [@b53]). Recent analyses demonstrated that those de-differentiated cells are lineage-restricted cells, and cells in the regenerated fin are derived from the same type of cells ([@b36]; [@b65]). The blastema cells proliferate and differentiate ([@b42]), leading to addition of new segments to the distal end of the fin until the original size of the fin is restored within two weeks.

In addition to the fin, studies in the last decade have demonstrated that the zebrafish is a suitable model animal for heart regeneration studies ([@b55]; [@b51]; [@b5]; [@b39]). The zebrafish heart regenerates from a variety of injuries, such as ventricular amputation ([@b52]; [@b54]), cryoprobe-induced injury ([@b10]; [@b17]; [@b59]) and transgenic induction of a toxin in cardiomyocytes ([@b66]). The regeneration of the heart involves rapid activation of epicardial cells, proliferation of cardiomyocytes to restore the myocardial layer, and neo-vascularization of the regenerating area ([@b52]; [@b54]; [@b43]; [@b33]). Prior to the finding of lineage restriction in the regenerating fins, genetic labeling studies by an inducible Cre-loxP system identified that a vast majority of cardiomyocytes in the regenerated area were derived from pre-existing cardiomyocytes that underwent de-differentiation and proliferation ([@b25]; [@b31]). Coordinated proliferation of cardiomyocytes and neo-vascularization leads to the restoration of the lost cardiac tissue and function.

Recently, zebrafish also have become a model animal for aging research ([@b30]; [@b15]; [@b35]). On average, the zebrafish life span is 3 years ([@b16]). Upon aging, they exhibit senescence-associated β-galactosidase activities in the skin, oxidized protein accumulation in muscle, increased accrual in the liver, and retinal atrophy ([@b63]; [@b34]; [@b35]).

Compared to zebrafish, studies in mammals have shown an aging related decline in regenerative potentials, such as in skeletal muscle ([@b11]), liver ([@b22]), hematopoietic cells ([@b24]), pancreas islet ([@b37]), and neuronal cells ([@b38]). In the case of zebrafish, several recent studies described the relationship between aging and fin regeneration. Repeated amputation of the caudal fin, which induces continuous cell division for regeneration, did not affect regeneration ([@b6]). Shortening of the telomere length is associated with aging-related senescence in mammals ([@b19]). Repeated fin amputation, however, also did not affect the activity of telomerase, the enzyme that protects the telomere and allows cells to undergo continuous cell division ([@b6]). Similarly, zebrafish at 24 months old and 3 months old exhibited similar levels of telomere lengths in the fin as well as other regenerative organs ([@b46]). Contrary to these reports, another study showed impaired regeneration and a decrease in telomerase activities in the caudal fin of 24 month old zebrafish ([@b63]; [@b3]). These reports suggest that the fin regeneration ability may involve multiple factors. The contribution of aging to the regenerative ability in zebrafish remains controversial.

In this manuscript, we re-investigated the relationship between fin regeneration and aging using the same zebrafish colony that was examined for telomere lengths ([@b46]). Analysis of regenerated length of the fin at multiple time-points shows comparable fin regeneration in young and old zebrafish, consistent with the recently reported telomere lengths ([@b46]). Furthermore, we examined whether aging affects regeneration of the heart. Our analysis shows that cardiomyocyte proliferation ([@b25]; [@b31]), neo-vascularization ([@b43]; [@b33]), and activation of epicardial gene expression ([@b43]; [@b32]), known to be critical for heart regeneration, occurred similarly in young and old zebrafish. Our study shows that the regenerative ability of the fin and heart is preserved during aging in zebrafish.

Results {#s2}
=======

Comparable regeneration of the caudal fin in young and old zebrafish {#s2a}
--------------------------------------------------------------------

A previous study has shown that telomerase activity is present in a variety of zebrafish organs after aging, and that telomere lengths are comparable in the caudal fin of young and aged fish after two successive rounds of amputation and regeneration ([@b46]). In this analysis, telomere length was analyzed at 15 days post amputation (dpa), when the caudal fin was fully regenerated. To further investigate whether aging affects fin regeneration in more detail, we used zebrafish housed in the same core facility by the same operation standards, and examined fin regeneration with time-points in young (6--12 months old, *n* = 12) and old (26--36 months old, *n* = 12) zebrafish. In addition, we compared fin regeneration at the central area and near the dorsal edge of the fin. These two areas represent the shortest and longest length of lost tissue along the fin ray ([Fig. 1G,H](#f01){ref-type="fig"}).

![Comparable regeneration of the caudal fin in young and old zebrafish.\
(**A--F′**) The caudal fin prior to amputation (A,D), immediately after amputation (B,E) and 13 days after amputation (C,C′,F,F′) in young (A--C′) and old (D--F′) fish. C′ and F′ show close ups of the boxed areas in C and F, respectively. Dashed lines in A and D indicate the amputation lines. Arrows in C and F indicate the levels of amputation in the regenerated fin, which is visible by the altered pigmentation pattern. Scale bar: 5 mm; the degree of zoom: ×5. (**G**,**H**) Schematic representations of the measured regenerative length at the center (G) and near the dorsal edge (H) of the regenerating fin. The angles between the measured lines along the dorsal edge and the center were 25.1±2.9 degrees and 27.1±4.7 degrees in young and old fish, respectively. The graphs show recovery ratio at indicated time-points from amputation in young and old fish.](bio-01-08-739-f01){#f01}

To induce fin regeneration, we amputated the caudal fin with a sharp razor blade. The amputation line overlapped with the straight line connecting two bifurcation points of the longest fin rays of the dorsal and ventral side ([Fig. 1A,B,D,E](#f01){ref-type="fig"}). From 1 dpa, we measured regenerated length every two or three days (from the amputated plane to the edge of regenerated tissue), and evaluated the degree of fin regeneration in each fish. We calculated the regeneration ratio by dividing the length of regenerated tissue by the length of the corresponding area of removed fin tissue. At all time-points examined, caudal fin at both the central area and near the dorsal edge exhibited a similar tissue regeneration ratio ([Tables 1](#t01){ref-type="table"}, [2](#t02){ref-type="table"}; [Fig. 1G,H](#f01){ref-type="fig"}). Although young fish showed a slightly higher recovery ratio at all time-points analyzed, the differences were not statistically significant, and the regenerated fin looked comparable in young and old fish ([Fig. 1C,C′,F,F′](#f01){ref-type="fig"}). These results indicate that both young and old fish possess similar fin regeneration abilities, in agreement with the recent analysis of telomere length ([@b46]).

###### Recovery ratios^1^ of the shortest fin parts were not significantly different in young and old fish.

![](bio-01-08-739-t01)

###### Recovery ratios^1^ of the longest fin parts were not significantly different in young and old fish.

![](bio-01-08-739-t02)

Comparable regeneration of the myocardial layer in young and old zebrafish {#s2b}
--------------------------------------------------------------------------

The heart is one of the major organs, along with the fin, that zebrafish contribute to regeneration research ([@b55]; [@b51]; [@b5]; [@b39]). Thus, we next asked whether aging affects heart regeneration in zebrafish. We injured zebrafish hearts by amputating the apex of the ventricle ([@b52]; [@b54]). The survival rate of young fish and old fish at one day after surgery was 96.7% (*n* = 29/30) and 95.8% (*n* = 23/24), respectively. All fish that survived one day after surgery did not die until analysis (3--30 dpa). Thus, old fish did not seem to be sensitive to heart surgery compared to young fish.

Restoration of the myocardium is essential for heart regeneration ([@b52]; [@b54]). Thus, we first examined regeneration of the myocardium by immunostaining for myosin heavy chain (MHC) using the MF20 antibodies ([@b52]). The regenerating area of each heart can be determined by the morphological difference from the uninjured area. In young fish, cardiomyocytes were detected in the regenerating area as early as 7 dpa ([Fig. 2A,A′](#f02){ref-type="fig"}) (*n* = 4). At this time-point, MHC signals in the regenerating area were weaker and sparser than those in uninjured area. At 14 dpa, the MHC signal in the regenerating area became more intense in a wider region ([Fig. 2C,C′](#f02){ref-type="fig"}) (*n* = 5). At 30 dpa, the injured area was filled by cardiomyocytes with strong MHC signals ([Fig. 2E,E′](#f02){ref-type="fig"}) (*n* = 5), and became nearly indistinguishable from the uninjured area. In old fish, we detected MHC-positive cardiomyocytes in the regenerating area at 7 dpa ([Fig. 2B,B′](#f02){ref-type="fig"}) (*n* = 3), similar to young fish. This was followed by detection of more intense MHC signals in a wider region at 14 dpa ([Fig. 2D,D′](#f02){ref-type="fig"}) (*n* = 5), and regenerated myocardium at 30 dpa ([Fig. 2F,F′](#f02){ref-type="fig"}) (*n* = 4). These data indicate that regeneration of the myocardium occurred similarly in both young and old fish.

![Regeneration of the myocardial layer and induction of Gata4 expression in young and old fish hearts.\
(**A--F′**) MHC staining of regenerating hearts at 7 dpa (A--B′), 14 dpa (C--D′) and 30 dpa (E--F′) in young (A,A′,C,C′,E,E′) and old (B,B′,D,D′,F,F′) fish. A′--F′ show higher magnification images of the boxed areas in A--F. Open arrowheads indicate MHC signals in the regenerating area. For simplicity, not all signals are pointed. Scale bar: 50 μm; the degree of zoom: ×5.5. (**G**,**H**) Gata4 immunoreactivity was not detected immediately after amputation. H shows a close up of the boxed areas in G. Scale bar: 50 μm; the degree of zoom: ×2. (**I--J′**) Gata4 staining of regenerating hearts at 7 dpa in young (I,I′) and old (J,J′) fish. Black arrowheads indicate Gata4 signals. I′ and J′ show close ups of the boxed areas in I and J. Sections were counterstained with hematoxylin. Dotted lines indicate the amputated planes of 7 and 14 dpa hearts. Brackets indicate the regenerating areas of 30 dpa hearts. Scale bar: 50 µm; the degree of zoom: ×2.](bio-01-08-739-f02){#f02}

A recent report demonstrated that cardiomyocytes in the outer compact muscle layer expressed a fluorescent reporter driven by upstream sequences of the *gata4* gene in response to ventricular amputation ([@b31]). These cardiomyocytes were shown to contribute to the regenerated myocardium. Thus, we examined endogenous expression of Gata4 protein by immunohistochemistry after heart injury. Gata4 immunoreactivity was not detected in both the injured and non-injured areas immediately after amputation ([Fig. 2G,H](#f02){ref-type="fig"}). At 7 dpa, we observed expression of immunoreactive Gata4 protein in the outer compact muscle layer and at the surface of the regenerating area, similarly in both young and old fish hearts ([Fig. 2I,I′,J,J′](#f02){ref-type="fig"}) (*n* = 3 for both young and old fish). Consistent with the contribution of the *gata4*-reporter-expressing cells to the regenerated myocardium, both the Gata4 immunoreactivity-positive area ([Fig. 2I,I′,J,J′](#f02){ref-type="fig"}) and the MHC signal-positive area ([Fig. 2A,A′,B,B′](#f02){ref-type="fig"}) were observed at the surface of the regenerating area at 7 dpa. These data show that both young and old fish hearts respond to injury and express Gata4 protein similarly.

Similar levels of cardiomyocyte proliferation in young and old fish during heart regeneration {#s2c}
---------------------------------------------------------------------------------------------

The proliferation of pre-existing cardiomyocytes after de-differentiation is a critical factor for successful regeneration of the myocardium ([@b25]; [@b31]). Therefore, we next analyzed proliferation events in the regenerating heart by immunofluorescent detection of proliferating cell nuclear antigen (Pcna, an S-phase marker) at 14 dpa. A previous report showed that cardiomyocytes proliferate actively at this time-point after ventricular amputation ([@b52]). Sections were also stained for Mef2, a nuclear marker of cardiomyocytes in regenerating zebrafish hearts ([@b66]), which allows proliferating cardiomyocytes to be distinguished from other proliferating cells ([Fig. 3A,B](#f03){ref-type="fig"}). First, we counted the total number of proliferating cells (Pcna positive nuclei) in sections around the center of the regenerating area in each heart. We did not detect a significant difference in the number of proliferating cells in regenerating hearts between young and old fish ([Fig. 3C](#f03){ref-type="fig"}) (*n* = 5 in both young and old fish). To analyze cardiomyocyte proliferation, we identified cells expressing both Pcna and Mef2, as proliferating cardiomyocytes ([Fig. 3A,B](#f03){ref-type="fig"}, yellow arrowhead). The numbers of Pcna/Mef2 double positive cells in regenerating hearts of young and old fish were at similar levels ([Fig. 3D](#f03){ref-type="fig"}) (*n* = 5 in both young and old fish). Thus, both young and old fish exhibited similar levels of cardiomyocyte proliferation and proliferation of other types of cells in regenerating hearts. We further compared the densities of cardiomyocytes in the regenerating area by dividing the number of Mef2 positive nuclei by the cubic volume of the regenerating area in 4 µm-thick z-stacked confocal images. Cardiomyocyte density in the regenerating area was at similar levels in young and old fish ([Fig. 3E](#f03){ref-type="fig"}) (*n* = 5 in both young and old fish).

![Cell proliferation in regenerating young and old fish heart.\
(**A**,**B**) Immunofluorescence images for Pcna (green) and Mef2 (magenta) of 14 dpa young (A) and old (B) fish hearts. Yellow arrowheads point to Pcna and Mef2 double positive, proliferating cardiomyocytes (shown as white signal). For simplicity, not all proliferating cardiomyocytes are pointed. Dotted lines indicate the amputated planes. Scale bar: 50 µm. (**C**,**D**) Number of Pcna-positive proliferating cells per section (C), and Pcna-Mef2 double positive proliferating cardiomyocytes per section (D) of young and old fish hearts at 14 dpa. (**E**) Densities of cardiomyocytes in the regenerating area in 14 dpa hearts. The p-values between young and old fish are shown. Same slides were examined for C, D and E.](bio-01-08-739-f03){#f03}

Taken together, our analyses demonstrate that cardiomyocytes respond to heart injury and proliferate, and that the myocardial layer is regenerated similarly in both young and old fish.

Neo-vascularization occurs similarly in regenerating hearts in young and old fish {#s2d}
---------------------------------------------------------------------------------

It has been shown that neo-vascularization occurs in the regenerating area concomitantly with myocardial regeneration ([@b43]), and that vascularizing the regenerating myocardial layer is necessary for heart regeneration ([@b43]; [@b33]). In order to examine whether neo-vascularization is affected by aging, we used a transgenic reporter fish line, *fli1:EGFP*, which reports vascular endothelial cells to monitor vascularization ([@b40]).

We detected patchy EGFP signal in the regenerating area at 7 dpa in both young and old fish ([Fig. 4A,B](#f04){ref-type="fig"}) (*n* = 4 in young fish, *n* = 3 in old fish). This contrasts to the signals of MHC and Gata4 at the surface of the regenerating area ([Fig. 2A--B′,I--J′](#f02){ref-type="fig"}). At 14 dpa, the signal spread in the regenerating area similarly in both young and old fish ([Fig. 4C,D](#f04){ref-type="fig"}) (*n* = 3 in both young and old fish). In both young and old fish, the EGFP signals were clustered in the regenerating area, compared to the uninjured area at 14 dpa ([Fig. 4E,E′,F,F′](#f04){ref-type="fig"}). To further compare neo-vascularization, we measured EGFP positive areas in the regenerating area using ImageJ software. The ratios of the neo-vascularized area in the regenerating area were 14.6±2.7% and 14.3±1.2% in young and old fish hearts, respectively ([Fig. 4G](#f04){ref-type="fig"}) (*n* = 3 in both young and old fish). These ratios are similar to the ratios of the vascularized area in the uninjured area in the same images (14.6±3.6% and 16.0±2.2% for young and old fish hearts, respectively). These results indicate that neo-vascularization progressed similarly in both young and old fish heart, and that the regenerating area vascularized to a similar level as the uninjured area by 14 dpa.

![Comparable vascularization and activation of FGF signaling in regenerating hearts of young and old fish.\
(**A--D**) Fluorescent images of *fli1:EGFP* signals of regenerating young (A,C) and old (B,D) fish hearts at 7dpa (A,B) and 14 dpa (C,D). Arrowheads point to the *fli1:EGFP* signals in the regenerating area. DAPI was used for counterstaining. In C and D, not all signals were labeled for simplicity. (**E--F′**) *fli1: EGFP* signals in the uninjured heart (E,E′) and in regenerating heart (F,F′) at 14 dpa in young fish. The signals were detected as small clusters throughout the heart. In the regenerating area, the *fli1: EGFP* signals formed larger clusters than those in uninjured area. E′ and F′ are close up images of the boxed areas in E and F, respectively. Scale bar: 50 μm; the degree of zoom: ×2. (**G**) Degree of vascularized areas in the regenerating and uninjured areas. The degree was quantified by the ratio of *fli1:EGFP* signal-positive area in the regenerating area and the uninjured area from single confocal plane. The p-values between young and old fish are shown. (**H--I′**) Immunofluorescence images of pErk1/2 (magenta) and MHC (green). Closed and open arrowheads point to the pErk1/2 positive signals at the surface of the heart and inside the regenerating area, respectively. H′ and I′ show close ups of the boxed areas in H and I. Scale bar: 50 μm; the degree of zoom: ×4. (**J--K′**) Immunofluorescence images of *mkp3: EGFP* (magenta) and MHC (green). Arrowheads point to the *mkp3: EGFP* signal positive signals at the surface of the heart and inside the regenerating area, respectively. J′ and K′ show close ups of the boxed areas in J and K. Dotted lines indicate the amputated planes. Scale bar: 50 µm; the degree of zoom: ×4.](bio-01-08-739-f04){#f04}

Neo-vascularization in the regenerating heart requires activation of fibroblast growth factor (FGF) signaling, and the expression of FGF receptor 2 gene (*fgfr2*) is highest at 14 dpa in amputated hearts ([@b43]). Thus, we examined activation of FGF signaling during heart regeneration by means of phosphorylation of Erk1/2 (pErk1/2) and expression of *map kinase phosphatase 3* (*mkp3*, also known as *dual specificity phosphatase 6*, *dusp6*).

It has been demonstrated that pErk1/2 reports active sites of FGF signaling *in vivo* ([@b58]; [@b61]; [@b12]). We detected pErk1/2 signals at the surface and inside of the regenerating area at 14 dpa in both young and old fish hearts ([Fig. 4H,H′,I,I′](#f04){ref-type="fig"}) (*n* = 4 in young fish, *n* = 3 in old fish), consistent with the expression pattern of *fgfr2* ([@b43]). *mkp3* is a transcriptional target of FGF signaling ([@b27]; [@b64]). We monitored expression of *mkp3* by means of *mkp3-EGFP* reporter fish, in which an *EGFP* cassette is inserted near the *mkp3* gene by the *sleeping beauty* transposon. The EGFP signal in this line has been shown to report *mkp3* expression, and hence, active FGF signaling ([@b7]). We detected *mkp3-EGFP* signal at the surface and inside of the regenerating area of 14 dpa hearts, similarly in both young and old fish ([Fig. 4J,J′,K,K′](#f04){ref-type="fig"}) (*n* = 2 in both young and old fish).

Taken together, these results indicate that activation of FGF signaling and neo-vascularization occurs similarly during heart regeneration in young and old fish.

Activation of epicardial gene expression occurs similarly in regenerating hearts of young and old fish {#s2e}
------------------------------------------------------------------------------------------------------

The epicardium is a thin tissue that envelops the entire heart. It has been shown that the expression of several developmental genes is activated in epicardial cells during the early phase of heart regeneration, prior to myocardial regeneration and neo-vascularization ([@b43]). In order to further investigate the effects of aging on heart regeneration, we examined activation of expression of *wilms tumor 1b* (*wt1b)* and *aldehyde dehydrogenase 1a2* (*aldh1a2*, previously known as *retinaldehyde dehydrogenase 2, raldh2)* in epicardial cells in response to injury.

It has been shown that expression of *wt1b*, a gene encoding a zinc finger transcription factor, is induced in the epicardial cells upon heart injury ([@b59]). No *wt1b* expression was observed immediately after amputation in both young and old fish ([Fig. 5A,B](#f05){ref-type="fig"}) (*n* = 2 in both young and old fish). At 3 dpa and 7 dpa, we detected strong *wt1b* expression similarly in the regenerating area in both young and old fish hearts ([Fig. 4C--F](#f04){ref-type="fig"}) (*n* = 4 for young fish and *n* = 3 for old fish). Expression of *aldh1a2*, which encodes a rate-limiting enzyme for retinoic acid synthesis, has been shown to be activated in epicardial cells upon heart injury ([@b43]; [@b32]). Similar to *wt1b* expression, in both young and old fish, *aldh1a2* was up-regulated at 3 dpa in a wide region of the heart, such as the epicardial cells of the regenerating area and uninjured area, and endocardial cells close to the amputated plane ([Fig. 5G,G′,H,H′](#f05){ref-type="fig"}) (*n* = 4 in both young and old fish).

![Comparable expression of epicardial genes in regenerating hearts of young and old fish.\
(**A--F**) *In situ* hybridization of *wt1b* immediately after amputation at 0 dpa (A,B), at 3 dpa (C,D) and at 7 dpa (E,F) in regenerating hearts of young (A,C,E) and old (B,D,F) fish. Arrowheads point to the *wt1b* signals. (**G--H′**) *in situ* hybridization of *aldh1a2* at 3 dpa in the regenerating hearts of young (G,G′) and old (H,H′) fish. Black arrowheads and open arrowheads point to the *aldh1a2* signals in the epicardial tissue and endocardial tissue, respectively. G′ and H′ shows close up images of the boxed areas in G and H. Dotted lines indicate the amputated planes. Scale bar: 50 µm; the degree of zoom: ×2.](bio-01-08-739-f05){#f05}

These results indicate that gene expression characteristic to the epicardial cells in response to heart injury occurs similarly in young and old fish.

Discussion {#s3}
==========

Fin regeneration and aging in zebrafish {#s3a}
---------------------------------------

Several studies showed different results in relation to aging and fin regeneration in zebrafish. For instance, one study shows that telomere length, which should be maintained for continued cell division ([@b19]), did not change in young (3, 6, 12 month old) and old (24 month old) zebrafish fins ([@b46]). This study also shows that telomere length is maintained after consecutive fin regeneration. Similarly, another study shows that fin regeneration is not affected by animal aging, and expression of *msxb* and *fgf20a*, which are characteristic to regenerating fins ([@b1]; [@b67]), was also not altered in old fish ([@b60]). In agreement with these reports, our study shows that young and old fish possess the similar ability to regenerate amputated fins. The outgrowth process during fin regeneration was comparable between young (6--12 month old) and old (26--36 month old) fish in our study. Thus, our data support the idea that zebrafish maintains regenerative ability throughout the lifespan.

Contrary to these observations, conflicting results were also reported. A study shows that fin regeneration was impaired and telomerase activity in the regenerating fin was reduced in old fish (24 month old) ([@b3]). Moreover, there is a report of an intermediate observation, showing that some old fish exhibited fin regeneration defects, while other old fish exhibited normal fin regeneration, compared to young fish ([@b63]). Such discrepancy suggests that aging itself would not be a primary factor that affects fin regeneration. From this point of view, it is interesting to note that genotoxic stress, such as ionizing radiation, has been suggested to enhance symptoms of senescence ([@b63]). Animals are continuously exposed to genotoxic stress from endogenous and environmental sources, which would cause accumulation of DNA damage ([@b50]). Moreover, chronic stress that could be caused by specific housing conditions and feeding conditions could cause DNA damage ([@b4]; [@b14]; [@b18]). Thus, such environmental factors might play a role in affecting the preservation of the regenerative ability of the fin, and aging might modulate stress caused by those factors.

Heart regeneration is comparable in young and old zebrafish {#s3b}
-----------------------------------------------------------

Our analysis of heart regeneration in young and old zebrafish shows that critical processes for heart regeneration occur in both groups in a similar manner, and injured hearts regenerate similarly. Major processes for successful heart regeneration include rapid activation of wound or regeneration-response in the epicardial layer ([@b43]), regeneration of the myocardial layer ([@b52]; [@b54]), and neo-vascularization ([@b43]; [@b33]). These processes occurred similarly in both young and old fish after amputation-induced injury. Thus, similar to the case of fin regeneration, our data of heart regeneration support the idea that zebrafish maintains regenerative ability throughout the lifespan.

One difference between our study and a previous report is the expression pattern of Gata4 in regenerating hearts. The *gata4*-*EGFP* reporter signal in the transgenic line was detected only in the outer compact muscle layer, but not in the regenerating area, at 7 dpa in the previous study ([@b31]). In contrast, we detected Gata4 immunoreactivity in the outer compact muscle layer and in the regenerating area ([Fig. 4](#f04){ref-type="fig"}). This difference in the distribution of signals is unlikely to be due to non-specific signals in our study, since Gata4 signal was not detected in hearts immediately after amputation ([Fig. 2G,H](#f02){ref-type="fig"}). The *gata4-EGFP* reporter line was generated with upstream sequences of the *gata4* gene, which were characterized in comparison to embryonic *gata4* expression pattern ([@b20]). These upstream sequences might lack other regulatory sequence(s). Thus, it is likely that the difference was caused by detecting endogenous Gata4 protein (this study) and detecting the reporter EGFP.

Similar to the fin ([@b62]), heart regeneration is a highly orchestrated system ([@b55]; [@b51]; [@b5]; [@b39]), thus, comparable heart regeneration in young and old fish could be achieved by the progression of key processes in both groups. Unlike the case of fin regeneration, our report is the first case of examining the effects of aging on heart regeneration in zebrafish. Further studies, such as examining how genotoxic treatment affects regenerative ability along with aging, would provide a comparative analysis between heart regeneration and fin regeneration.

Aging and regeneration in zebrafish {#s3c}
-----------------------------------

Our study shows that zebrafish possess the ability to regenerate the fin and heart after aging. Interestingly, recent reports have shown that regeneration of these two organs is achieved mainly by de-differentiation and proliferation of lineage restricted cells rather than activation of stem cells or progenitor cells ([@b25]; [@b31]; [@b36]; [@b65]). The molecular changes during de-differentiation that cells undergo are still to be elucidated. However, the preserved ability to regenerate after animal aging might be related to de-differentiation-based regeneration. In this regard, it would be interesting to examine in the future whether other organs known to regenerate in zebrafish utilize stem/progenitor cells or de-differentiation of lineage restricted cells or both, and whether aging affects their regeneration.

Materials and Methods {#s4}
=====================

Zebrafish maintenance and surgery {#s4a}
---------------------------------

Zebrafish were raised under standard conditions that were not changed during the course of the study. Zebrafish were maintained in a standard environment in an Aquaneering recirculating system in a core facility. Air and water temperatures were maintained at 27--28°C with a 14 hours light and 10 hours dark cycle. The housing density was at 15--20 fish in a nine liter tank. Zebrafish were fed 1--2 ml brine shrimp twice a day, morning and afternoon. Fish were derived from zebrafish originally obtained from Segrest Farms (Gibsonton, FL) as previously described ([@b46]). Six to 12 month-old and 26 to 36 month-old fish were used as young and old fish, respectively. The body lengths of not all fish were recorded. However, of the fish measured, body lengths of fish used in this study and of fish maintained in the same groups were 2.92±0.16 cm (*n* = 15) and 3.40±0.35 cm (*n* = 15) for young and old fish, respectively. Male fish were used for fin regeneration studies. Ventricular amputation and caudal fin amputation were performed as previously published ([@b54]; [@b28]). Care and experimentation were done in accordance with the Institutional Animal Care and Use Committee of the University of Minnesota.

Immunostaining and *in situ* hybridization {#s4b}
------------------------------------------

Immunostaining on 14 µm thickness sections was performed according to a standard procedure to detect specific protein expression ([@b23]; [@b29]). Briefly, the section corresponding to around the center of regenerating area was washed with PBS with 0.1% Triton X-100, and heat-induced antigen retrieval was performed with 10 mM sodium citrate buffer (pH6.0) by boiling for 40 min. The primary antibodies used were anti-myosin heavy chain antibody (Developmental Studied Hybridoma Bank, Iowa City, IA, USA; MF20, 5.14 µg/ml), anti-GATA4 antibody (Abcam, Cambridge, MA, USA; ab61170, 1∶500), anti-PCNA antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA; sc-56, 1∶100), anti-MEF2 antibody (Santa Cruz Biotechnology; sc-313, 1∶50), anti-pErk1/2 antibody (Cell Signaling Technology, Beverly, MA, USA; 9101, 1∶1000) and anti-GFP antibody (Molecular Probes, Eugene, CA, USA; A11122, 1∶2000). Secondary antibodies used were Alexa 488 anti-mouse IgG (Invitrogen, Carlsbad, CA, USA; A11001, 1∶1000), Alexa 594 goat anti-rabbit IgG (Invitrogen; A11012, 1∶1,000), biotinylated anti-mouse IgG (Vector laboratories, Burlingame, CA, USA; BA-9200, 1∶500), and biotinylated rabbit IgG (Vector laboratories; BA-1000, 1∶500). To visualize the signals in immunohistochemistry, we used a horseradish peroxidase streptavidin system (Vector laboratories). Counterstaining was done with DAPI for immunofluorescence or with hematoxylin for immunohistochemistry. To analyze gene transcriptions, *in situ* hybridization on 14 µm thickness sections was performed as previously described ([@b54]). Sections located at around the center of the regenerating area from each heart were analyzed.

Imaging and quantification {#s4c}
--------------------------

Bright field images of heart sections were taken by using Nikon ACT1 software (Nikon, Melville, NY, USA) with Zeiss Axioscope 2 microscope (Carl Zeiss Microscopy, Thornwood, NY, USA) equipped with Nikon DXM1200 digital camera (Nikon). Fluorescent confocal images were obtained by using Zeiss LSM 710 laser scanning microscope system (Carl Zeiss Microscopy), and analyzed by ZEN2009 software (Carl Zeiss Microscopy). The number of immunofluorescent signals of each section was counted manually. Regenerating areas and EGFP positive areas were measured by ImageJ software. Zeiss SteREO Discovery V8 stereoscope (Carl Zeiss Microscopy) and iSolution Lite software version 8.3 (IMT iSolution, Vancouver, BC, Canada) were used to obtain bright field images of regenerating fins, and to measure regenerated lengths.

Statistical analysis {#s4d}
--------------------

All error bars on graphs are standard deviation. The Student\'s t-test was used to analyze statistical significance between young and old fish.
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